A series of four-and five-coordinate Ni(II) complexes Cz tBu (Pyr iPr )2NiX (13 and 1THF3THF), where X = Cl , Br, and I, were synthesized and fully characterized by NMR and UV-Vis spectroscopy, X-ray crystallography, cyclic voltammetry, and density functional theory calculations. The solid-state structures of 13 reveal rare examples of seesaw Ni(II) complexes. In solution 13 bind reversibly to a THF molecule to form five-coordinate adducts. The electronic transitions in the visible region (630-680 nm), attributed to LMCT bands, for 13 exhibit a bathochromic shift. The thermochromic tendency of the five-coordinate complexes implies the loss of THF coordination at elevated temperatures. Finally, the electronic properties of all Ni(II) complexes were studied by time-dependent density functional theory calculations to characterize the nature of the excited states.
Introduction
Nickel complexes with NNN pincer-type ligands have been gaining increased interest in recent years, particularly in the fields of catalytic bond activation [1] [2] [3] [4] [5] [6] [7] [8] and polymerization. [9] [10] One of the unique features of pincer ligands is the meridional orientation that they enforce, which results in a dominantly square planar configuration for these four-coordinate Ni(II) complexes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Tuning ancillary ligands in metal complexes can govern their geometric preferences. For fourcoordinate Ni(II) centers, tetrahedral or square planar geometries are most common and well understood. 21 For example, sterically, Ni(II) complexes with bulkier ligands tend to form tetrahedral (S = 1) structures whereas the square planar (S = 0) arrangement is preferred with less sterically demanding ligands; electronically, when coordinating to weak field ligands, the tetrahedral geometry is favored while a square planar geometry is often observed in Ni(II) complexes bearing strong field ligands. 22 Indeed, the molecular geometry and electronic configuration of metal complexes are interdependent, and they dictate the chemical reactivity of the metal complexes. In general, square planar complexes tend to be more kinetically inert than tetrahedral ones due to the greater ligand field stabilization energy in the square planar arrangement caused by the substantial electronic stabilization of the four, doubly-occupied, orbitals relative to the empty, antibonding dx 2 -y 2 orbital. In this line, we became interested in the design, synthesis, and characterization of unusual Ni(II) complexes where the supporting ligands are used to force the metal center to adopt a high-energy and more reactive geometry. This may allow for the development of new types of reactivity of nickel complexes.
The seesaw Ni(II) coordination geometry in the Ni-SIa state of the [NiFe]-hydrogenase active site is proposed to be a key feature for efficient H2 binding and activation. 23 However, despite the discovery of such important structures, the synthetic routes to modulate the geometry at a nickel metal center remains challenging. Ideally, introduction of steric obstruction on the meridional plane of NNN pincer-based Ni(II) complexes could impel the fourth ligand to reside on the axial rather than an equatorial position. However, without considering the rigidity, simply increasing the bulkiness of flanking substituents does not necessarily yield a non-square planar geometry around the metal center. 2, [24] [25] [26] [27] [28] Consequently, complexes that possess a seesaw arrangement at the Ni(II) center are still underdeveloped with only one type of supporting ligand, tripyrrinato, reported in the literature. 29 Nonetheless, low yields and a limited number of precursors have restricted the development of tripyrrin derivatives in nickel chemistry. [29] [30] [31] In this work, we report the synthesis, structure, and characterization of a new family of Cz tBu (Pyr iPr )2NiX complexes whose Ni(II) center adopts the seesaw geometry, together with their pentacoordinate THF adducts, Cz tBu (Pyr iPr )2NiX(THF) (X = Cl, Br, I) (Scheme 1).
Scheme 1.
Four-and five-coordinate Ni(II) complexes.
Experimental Section
Materials and Methods. All manipulations were performed under a nitrogen atmosphere using standard Schlenk techniques or in an M. Braun UNIlab Pro glovebox. Glassware was dried at 150 °C overnight. Diethyl ether, n-pentane, tetrahydrofuran, and toluene were purified using a Pure Process Technology solvent purification system. Before use, an aliquot of each solvent was tested with a drop of sodium benzophenone ketyl in THF solution. All reagents were purchased from commercial vendors and used as received. 1,8-Dibromo-3,6-di-tert-butyl-9H-carbazole (HCz tBu Br2) and 3-iso-propylpyrazole were prepared according to literature procedures. [32] [33] HCz tBu (Pyr iPr )2 was prepared according to a modified literature procedure. 34 (2) . Yield: 88%. Crystals suitable for X-ray diffraction were grown from a concentrated solution in toluene at ambient temperature. 1 For all structures, the intensity data were corrected for absorption using multi-scan techniques (SADABS or TWINABS). 39 The space groups were assigned and the structures were solved by direct methods using XPREP within the SHELXTL suite of programs and refined by full matrix least squares against F 2 with all reflections using Shelxl2014, 2016 or 2018 using the graphical interface Shelxle. [40] [41] [42] If not specified otherwise, H atoms attached to carbon and nitrogen atoms and hydroxyl hydrogens were positioned geometrically and constrained to ride on their parent Computational details. Molecular structures were geometry optimized using density functional theory (DFT) at the B3LYP/6-311G(d)/SDD level of theory, [43] [44] [45] [46] [47] where Ni and the halide were
represented with SDD and all other elements with 6-311G(d), as implemented in Gaussian 09. 48 Optimized structures were confirmed to be minima by analyzing harmonic frequencies. 49 The wavefunction for each triplet state was confirmed to be stable. [50] [51] Single point energy refinements at these optimized structures were evaluated at the B3LYP/def2TZVP and OPBE/def2TZVP levels of theory (GTZ  GDZ -EDZ + ETZ). The effects of solvation were not included during geometry optimization but were included when simulating the UV-Vis spectra using the SMD implicit solvation model for toluene or THF. 52 Time-dependent DFT (TD-DFT) was employed to simulate these spectra at the B3LYP/def2TZVP level of theory (see Figure S9 for the poor performance of a long-range corrected functional). 53-55 50 excited states were simulated for each molecule and the resulting oscillators were each fit with a Gaussian with a half-width at half-maximum of 0.15 eV using GaussView to represent the absorption spectra. 56 Optimized geometries were visualized with CYLview. 57
Results and Discussion
Syntheses. The synthesis of the ligand was adapted from one reported for a similar compound, HCz Me (Pyr iPr )2. 58 Reaction yields and purity were improved by increasing the amount of base and pyrazole used. 34 Crystal structures of 13. Dark green crystals of 13 were obtained from a concentrated solution in toluene at ambient temperature. The ORTEP diagrams of 13 are given in Figure 1 and selected bond lengths and angles are summarized in Table 1 and Color key: turquoise = Ni, blue = N, gray = C, green = Cl, brown = Br, violet = I. N1-Ni1-N3 90.6(1) 90.9(1) 91.01 (5) N1-Ni1-N5 157.43 (9) 158.16 (9) 154.12 (5) N3-Ni1-X1 129.44 (7) 127.42 (7) 124.25 (4) a Numbers in parentheses are standard uncertainties in the last significant figures. Atoms are labeled as indicated in Figure 1 . The Ni1−Cl1 distance in 1 is 2.2423(7) Å, which is 0.138 and 0.185 Å, respectively, shorter than the corresponding Ni1−Br1 and Ni1−I1 distances, and is similar to the differences observed in the Tp Ph NiX series (X = Cl, Br, I), 62 and consistent with the differences in covalent radii for chlorine and bromine (0.12 Å), and for bromine and iodine (0.17 Å). 63 Interestingly, a search of the CSD (November, 2017 update) revealed that the nickel halide distances in 13 are slightly longer (~0.1 Å) that those of other structurally characterized NNN pincer and tripodal Ni(II) complexes. We attribute this to the steric obstruction of the two iPr groups. The steric repulsion between the halide and iPr groups can also be observed in the N3-Ni1-X1 angles, () (Figure 2 ), which decrease with increasing radius of the halide atoms. Color key: turquoise = Ni, blue = N3, black = iPr groups, violet = X1 (X = halide). Interestingly, upon cooling of the solutions, toluene solutions remain dark green, while an apparent color change from yellow-green to dark brown is noticed for THF solutions.
Crystal structures of five-coordinate Ni(II) complexes. Crystals of the five-coordinate Ni(II)
complexes were obtained from concentrated THF solutions. The molecular structures of 1THF, 2THF, and 3THF are shown in Figures S1, S2 and 3, and the crystallographic data are summarized in Table 2 and Table S2 . Each Ni(II) center is coordinated by three nitrogens, one halide, and one oxygen atom in a distorted square pyramidal fashion (5 = 0.34, 0.30, and 0.12,  N3 X1 Ni1 respectively). 64 The additional ligation results in several observations that are different from 13. (8) a Numbers in parentheses are standard uncertainties in the last significant figures. Atoms are labeled as indicated in Figure 3 , S1, and S2. b Values taken in average of the asymmetric unit.
Electrochemistry. The electrochemistry of all six Ni(II) complexes was examined using cyclic voltammetry. Cyclic voltammograms of 13 do not provide any informative results. Fivecoordinate Ni(II) complexes with bound THF, on the other hand, exhibit voltammograms that show a one quasi-reversible diffusion-controlled process (shown in Figure S3 for 3THF in THF), which we attributed to a Ni II/I event. The quasi-reversibility could be due to the slow rate of THF dissociation in the reduced state. There is a slight anodic shift from -1.53 V (1THF) to -1.42 V (2THF), and further to -1.33 V (3THF) ( Figure S4 ) with a linear correlation of the potential with the Lewis basicity of the halides, as expressed by the ligand constant parameter PL. 65 1THF is the most difficult to reduce due to both greater Lewis basicity and better p(X)-d(Ni) orbital overlap of the chloride anion. In addition, the reduction potential of 3THF is significantly more positive than that of 1THF and 2THF, as implied by the more significant bending (N3-Ni1-X1) in 3THF which mitigates the orbital overlap.
Electronic spectra. Qualitatively similar electronic absorption spectra were recorded for all complexes, and these spectra are consistent with the trend described in the spectrochemical series, with general ligand field-transition energy decreasing in the halide series when moving down the group (Figure 4 and Figure S5 ). For example, the absorption wavelength of the lowest energy bands are in the visible region, and are red-shifted from 1 (630 nm) to 2 (651 nm) to 3 (680 nm).
These bands are characteristic of high-spin distorted tetrahedral nickel(II) complexes and are thus assigned to electronic transitions which are either d−d ( 3 T1  3 T2) or LMCT in character. As the temperature is increased, the concentration of the four-coordinate complex increases relative to that of five-coordinate species. Absorbance Wavelength (nm) 6 . Two singly occupied molecular orbitals (SOMOs), dx 2 -y 2 and dz 2 , are energetically wellseparated from three low-lying doubly-occupied d orbitals. As is shown in Figure 7 , the HOMO (in both the  and  subspaces) is best described as a ligand  orbital for both the four-and fivecoordinate species with only a small contribution from Ni (see Figure S8 for similar plots of 2 and
3). The ligand-centered HOMO is commonly observed in donor ligands with more extended  conjugation. 66 . As the halide is forced out of the plane the trans influence of this halide is reduced, and subsequently the Ni-N(carbazole) bond length decreases with values of 1.928, 1.920, and 1.920 Å for 1H, 1Me, and 1, respectively. While we focus on analogues of 1 for this analysis due to the system size, we anticipate these findings to be general for other halides and regardless of whether THF is coordinated. effects we re-optimized each of these species and 2/3 as closed-shell singlets, as well as hypothetical hydride (4) and cyanide (5) complexes that replace the weak-field chloride ligand with a -donor and -acid, respectively. The steric profile of these two alternative ligands helps test for steric effects in these complexes. Table 3 summarizes the structural and energetic differences between these spin states. Focusing first on the structure of the triplets,  is close to the ideal value for a see-saw complex for each triplet except 1H. Inspection of the 1H triplet structure shows a short ClH distance of 2.72 Å that suggests intramolecular hydrogen bonding. 53, [68] [69] [70] Combined with the fact that hydride has a structure that is closer to see-saw than 1 (0.47 vs. 0.45), these observations strongly suggest that the triplet geometry is controlled by the electronic structure at the Ni center except when the ligand has special interactions with the pyrazole substituent. The closed-shell singlets all have smaller  values than their corresponding triplets, consistent with a trend toward more square-planar structures. The largest variation is seen for hydride whose singlet has a value of 0.15. These values suggest that even sterically small ligands like cyanide (5) are effectively blocked by the pyrazole isopropyl groups, or that chloride is blocked by the much smaller methyl substituent (1Me); only singlet hydride approaches a  value that is comparable to related low-spin Ni(II) pincer complexes ( = 0.09-0.13). Even though these singlets are more square planar, only hydride clearly favors a singlet state according to our predicted free energy differences. DFT is well-documented to be sensitive to spin-state splitting energies, so we evaluated triple-zeta energy refinements with OPBE in addition to B3LYP. 69 These free energy differences suggest that 1H and 5 may also favor the singlet state. Table 3 . Comparison of the τδ values for the singlet and triplet states, as well as the spin state energy difference (ΔG = GS=0 -GS=1), for 1-5.
To aid in the interpretation of the electronic spectra, TD-DFT simulations were performed. UV-Vis spectra were simulated with B3LYP/def2TZVP with implicit solvation (Figure 9 ). When comparing the calculated spectra of the four-coordinate complexes (Figure 9a ) to the experimental results in Figure 4a , DFT predicts the transitions within ~20 nm of the observed experimental max values (Table S3) , including an experimentally observed shoulder at ~340 nm with predicted counterparts at 329, 330, and 331 nm for 13, respectively. The exception are the two bands at 373 and 395 nm for 1 that are not seen for the other two halides; DFT predicts a single peak at 378 nm. The experimental trend for the wavelength of this lowest energy peak having to be 1 < 2 < 3 is reproduced, whereas the higher energy peaks are effectively at the same position. To better understand why this lowest energy transition is sensitive to the halide but the higher energy ones are not, the nature of these transitions and donor and acceptor orbitals for each transition were analyzed and are shown in the Supporting Information (Table S6- Next, the spectra of the five-coordinate species (Figure 9b ) were investigated and compared to the experimental spectra ( Figure 4b ). Based on the interpretation of the four-coordinate species, the observed transitions should all be ligand   * transitions since they are relatively insensitive to the halide. An analysis of the donor and acceptor orbitals for these excited states (Table S9-S11) confirms this. Moreover, we can understand the absence of the low-energy transition; the dz 2orbital is shifted higher in energy due to the increased antibonding character when THF donates into this orbital, and this transition mixes with the higher energy/intensity ligand transitions. The simulated data have a discrepancy in the total number of   * transitions, although this may be an artifact of our fitting Gaussian distributions to each transition that obscures lower intensity bands. Analysis of the individual major peaks shows five for 1THF, five for 2THF, and six for 3THF. Note that 2THF is missing the experimental peak at 371 nm. On the basis of these simulated spectra, we can directly attribute the color change with THF binding to loss of the intense LMCT band with dz 2 as the acceptor orbital. The extremely weak absorption at ~640 nm seen in each of the simulated spectra corresponds to a different, less allowed LMCT band corresponding to donation into the half-filled dx 2 -y 2 orbital. Interestingly, the experimental spectra of all THF adduct complexes show an increase of the lower energy band with increasing temperature.
Therefore, it could also be a result of the equilibrium between four-and five-coordinate species since the loss of THF is entropically favored at higher temperature. However, variable temperature NMR spectra of 2THF ( Figure S7 ) exhibit one set of resonances, implying that either only 2THF existed in the solution at these temperatures or the equilibrium is too rapid between 4-and 5coordinate complexes to be observed on the NMR time scale.
Conclusions
We have prepared and characterized a series of Ni (II) complexes 
